Transport of phosphorus (P) from agriculture often causes eutrophication of surface water systems, which is particularly a concern in sandy soil regions because of low holding capacity of the soil for nutrients and moisture. Soil amendment is considered to be one of the best management practices in reducing P loss to water. A column leaching study was conducted to evaluate the effectiveness of organic amendment applied together with water-soluble fertilizer in reducing P leaching in two typical agricultural sandy soils (Spodosol and Alfisol) in south Florida. The Spodosol is an Alfic Alaquod, whereas the Alfisol is an Arenic Glossaqualf. Both soils have the same texture with sandy, siliceous, and hyperthermic properties. Organic material (OM) used in this study is marketed as a slow release organic fertilizer (GreenEdge; JEA Inc., Jacksonville, FL), which supplies essential nutrients for plant growth. The treatments consisted of chemical fertilizer (CF) alone, CF + 1.25 g kg 1 OM, CF + 5.0 g kg -' OM, and CF + 10.0 g kg 1 OM. A control receiving no CF or OM was also included. Leaching of orthophosphate-P (PO4 -P) and dissolved total P was similar. After seven leaching events, application of CF together with 10.0 g kg OM reduced PO 4 -P and dissolved total P loss by 25.4% and 21.4% in the Spodosol and by 45.3% and 22.6% in the Alfisol and increased soil Olsen-P and Mehlich 3-extractable P by 54% and 31%, respectively, in the Spodosol and by 50% and 94% in the Alfisol, compared with CF alone. Increasing OM application rates increased NaHCO-and NaOH-extractable P but decreased water-extractable P in the two soils. Soil microbial biomass P (MBP) and the percentage of MBP in Olsen-P (MBP/Olsen-P) increased by 585% and 350%, respectively, in the leached Spodosol and by 190% and 127%, respectively, in the leached Alfisol with the treatment of CF together with 10.0 g kg ' OM, compared with CF alone. It appears that the reduction in P leaching by OM amendment was related to the stimulation of microbial activities, which incorporate watersoluble P from applied CF into organic fractions and retained more P in soil against leaching but available to plants. These results indicate that organic amendment in combination with CF in a 10 g OM kg 1 soil level can increase P utilization efficiency by reducing P leaching and maintaining a larger available P pool in sandy soils. (Soil Science 2008;173:257-266) 
YANG, FT AL. SOIL SCIENCE T RANSPORT of phosphorus (P) from agricultural production systems to the surrounding water systems has received increased attention because of acceleration of eutrophication of surface waters (Levine and Schindler, 1989; Heathwajte et al., 1996; Logan, 2001) . Phosphorus losses through leaching or surface runoff are influenced by many factors, such as application of manure or chemical fertilizers (CF), soil P status, and other related properties of soil and plants (Brazier et al., 2005) . Sandy soils, which are widespread in south Florida and require repeated application of CF to maintain crop production because of their inherent low holding capacity for nutrients, are often subjected to high P loss by leaching or surface runoff (He et al., 1999; Ulen and Jakobsson, 2005) . Transport of P and other nutrients from agricultural production systems to surface waters is substantial (He et al., 1999; . For instance, each year, an estimate of more than 10 -7' kg P and 4 x 108 kg suspended solids is transported to the St. Lucie Estuary, FL (St. Lucie River Issue Team, 1998) .
To sustain crop yield and simultaneously reduce P loss from sandy soils, soil amendment has been suggested as one of the best management practices in south Florida (Boman et al., 2000) . Many inorganic materials have been proposed for soil amendment, such as iron (Fe)-and aluminum (Al)-containing water plant residues and slag-derived products (O'Connor et al., 2005) . However, these materials may have potential side effects that affect soil and crop quality, such as heavy metals and Al. Organic amendments (such as biosolids) have been used to improve the physical, chemical, and biological properties of soils (Guidi et al., 1983; Martinez et al., 2003) and to decrease surface runoff, sedimentation, and nutrient loss (Bruggeman and Mostaghimi, 1993) . In Florida, biosolids application has been reported to reduce P losses (Lu and O'Connor, 2001 ). Iron and/or A] oxides in the biosolids were considered to react with P to form insoluble products. Elliott et al. (2002) confirmed that P leaching was less than 1% of applied P when sandy soils were amended with biosoljds and was correlated to the P saturation index. Jaber et al. (2006) reported a similar result. Apparently, Fe and Al oxides from biosoljds application play an important role in reducing P leaching in sandy soils, but the role of microbiological processes in this regard need to be addressed.
The tested organic amendment is a pellet product derived from biosolids called GreenEdge1 (JEA Inc., Jacksonville, FL) and is marketed as a complete, slow-release organic fertilizer that supplies essential nutrients for home lawns, golf courses, ball parks, and other turfgrass and ornamental applications. After wastewater is treated through physical, chemical, and biological processes, the remaining solids undergo further treatment to eliminate pathogens or diseasecausing organisms, reduce odor, and avoid attracting animals and insects that can carry diseases. These solids are converted into treated biosolids using a combination of processes, including heat systems, digestion, Time stabilization, pasteurization, and composting. It contains considerable amounts of organic C (229.7 g kg 1) and nutrients available or potentially available to plants with a pH of 6.98, average total N, total P (TP), total Ca, total Al, and total Fe of 54. 2, 21.8, 34.9, 8.83 , and 14.9 g kg -1 , respectively (Table 1, He et al, 2004) .
The soils used in this leaching study were collected from a vegetable farm (Spodosol, sandy, siliceous, hypertherinic, Alfic Alaquods) and a commercial citrus grove (Alfisol, sandy, siliceous, hyperthermic, Arenic Glossaquali) in St. Lucie County, south Florida. These soils represent major soil types for citrus and vegetable production in the Indian River area, Florida. Although the two soils had same texture, the Spodosol had higher total Fe and Al, Olsen-P, water-extractable P, and Mehlich 3-extractable P (M3-P), Fe, and Al (Table 1) , whereas the AJfisol had higher total organic C (TOC), total nitrogen, pH, electrical conductivity (EC), and P/(Fe + Al) ratios (Table 1) .
Mention of trade names or commercial products is solely for the purpose of providing specific information and does not imply recommendation or endorsement.
We hypothesize that application of organic matter (biosolids) stimulates microbial growth and activities that incorporate water-soluble P from fertilizers into organic fractions, which are not readily subjected to leaching but are still available to plants. A column leaching study was thus conducted to test the above hypothesis by measuring P losses in leachate from soils treated with CF with and without organic amendment and determining available and potentially available P pools in the leached soils.
MATERIALS AND METHODS

Biosolids and Soils
Portions of soil samples (each 1.0-kg ovendry basis) were weighed into Ziploc plastic bags (28 x 26.7 cm, 3.74-L capacity). The pellet organic amendment was ground to pass a 1-mm sieve before it was mixed into the soil. Organic material (OM) was applied at the rates of 0, 1.25, 5, and 10 g kg soil, and CF was applied to each treatment as NH 4NO 3 , K150 4 , and NaH 2 PO 4 . Ten percent of the total contents of N, K, and P in the OM were accounted toward the total application rates because this portion is considered to be available to plant through mineralization during the growing season. The applied amounts of CF were adjusted to produce final rates of available N, K, and P in the treated soils of 100 mg N kg, 100 mg K kg, and 50 mg P kg soil, respectively, equivalent to 225 kg ha for N and K and 112.5 kg ha for P. These rates represent the usual application rates of these nutrients in Florida growers' farming practices (Tucker et al., 1996; Olson and Simonne, 2004) . A control (no fertilizer or amendment) was included for background information.
Plexiglas leaching columns (30.5 cm long by 6.6-cm inner diameter) with several 5-mm diameter holes at the bottom were used. After amendment, the mixture was then packed into each column to the approximate bulk density of 1.45 g cni 3 . For each soil, a completely randomized . The total amount of water applied to each column from the seven leaching events was 1812 mL, which is equivalent to the average of a half year's rainfall iii the Indian River area (2001) (2002) (2003) . The deionized water was applied using a peristaltic pump. The leachates were collected from each leaching event and analyzed for pH, EC, dissolved TP (DTP), and orthophosphate-P (PO 4 -13 ). At the end of leaching, the soils were removed from the column, and subsamples were taken after thorough mixing. The soils were air dried, and pH, EC, available P (Olsen-P), and M3-P were measured. Subsamples were also used to detemiine soil microbial biomass P (MBP) and microbial biomass carbon (MBC) after CH3C1 fumigation-0.5 M NaHCO 3 extraction method (Brookes et al., 1982) and CH 3C1 fumigation-OS M K2SO4 extraction method (Vance et al., 1987; Wu et al., 1990) , respectively.
Chemical Analyses
Leachate DTP and PO 4-P were determined using an inductively coupled plasma atomic emission spectrometry (Ultima; JY Horiba, Edison, NJ) and ion chromatography (DX 500; Dionex Corp., Sunnyvale, CA), respectively, after filtering through a 0.45-pm membrane. These two dissolved P forms were included in this study because of their importance for crop production and being readily subjected to leaching or surface runoff loss. Olsen-P and M3-P in the leached soils were extracted with 0.5 M NaHCO 3 solution (Olsen and Sommers, 1982) and Mehlich 3 solution (Mehlich, 1984) , respectively. The P concentrations in the extracts were determined using the molybdenum-blue method (Kuo, 1996) and inductively coupled plasma atomic emission spectrometry following EPA method 200.7 (USEPA, 1998), respectively. Phosphorus concentrations in the extracts of nonfumigated and fumigated soils were determined according to Kuo (1996) . A KEP of 0.40 was used to convert P flush to MBP (Brookes et al., 1982) :
Phosphorus Fractionation of Leached Soil
After leaching, soil was removed from each column, air dried, ground to less than 2 mm, and well mixed. Subsainples (each 1 .0 g of air-dried soil) in duplicate from each column were placed in a 50-mL centrifuge tubes. A sequential extraction method proposed by Hedley et al. (1982) and modified by Zhang et al. (2002) was used to determine the soil P fractions. Briefly, soils were sequentially extracted with 30 mL of DI (deionized) water, 0.5 M NaHCO 3 (pH = 8.5), 0.1 MNaOH, and 1 MHCI each for 16 h on an end-to-end shaker. At the end of designated time, the samples were centrifuged at 5000 X g relative centrifuge force for 20 mm, and the supernatant was then passed through a Whatman no. 42 filter paper. After each extraction, soil residues in the tubes were washed twice using Dl water. Phosphorus concentrations in the filtrates from the five extraction steps (including residual P) were detennined colorimetrically by the molybdenum-blue method after digestion with acidified ammonium persulfate (Greenberg, 1992) . Soil P fractions obtained by five extractions previously mentioned were referred to as water-soluble P (water-P), NaHCQ s-extractable P (NaHCO 5 -P), NaOH-extractable P (NaOH-P), acid-extractable P (Ca-bound P, HCI-P), and residual P (residue-P), respectively.
Phosphorus Leaching and Soil P Pool Leaching Behavior of PO 4-P and DTP
Leaching of PO 4 -P and DTP from the control soils was small compared with other treatments (Fig. I) . Large amounts of PO4-P and DTP were leached in the first three leaching events in both soils, and relatively similar leachate PO4 -P and DTP concentrations were measured in the subsequent leaching events. Elevated OM application resulted in decreased leachate PO4-P and DTP concentrations in both soils in the first three leaching events (Fig. 1) . Spodosol had higher leachate PO4 -P and DTP concentrations than Alfisol, and leachate PO 4-P and DTP concentrations (about 20 mg L') in Spodosol in the seventh leaching event were double those (about 10 mg L') in Alfisol (Fig. 1) .
After seven leaching events, application of CF alone resulted in the highest loss of PO4-P (53.0 mg kg in the Spodosol and 27.8 mg kg m in the Alfisol, respectively) and DTP (55.2 mg kg' in the Spodosol and 27.9 mg kg in the Alfisol, respectively). However, OM application at the rate of 10 g kg -1 together with CF reduced PO 4 -P and DTP loss by 25.4% and 21.4%, respectively, in Spodosol and by 45.3% and 22.6%, respectively, in Alfisol (Table 2) . Application of CF alone caused larger losses of PO4 -P (by 14%) and DTP (by 15%) as of TP in the Spodosol than their respective loss in the Alfisol (5.7% for PO 4 -P and 5.8% for DTP, respectively) (Table 2) . However, when CF was applied together with 10 g kg_ 1 OM, PO4-P, and DTP, losses were decreased by 50% in the Spodosol and by 45% in the Alfisol (Table 2) .
After seven leaching events, losses of PO4-P and DTP as of total applied P from CF alone treatment were more than 80% in the Spodosol and more than 48% in the Alfisol. The application of OM at a level of 10 g kg decreased losses of PO 4-P and DTP by 33.7% and 28.1% for the Spodosol and by 49.4% and 26.2% for the Alfisol, respectively, as of total applied P (Table 2) .
Soil P Pool Chaves
Total C contents in soil were determined using a Macro Elemental Analyzer (Vario Max CN; Elemental Analysensystem GrnbH, Hanau, Germany). Dissolved organic C concentrations in the K2 SO4 extracts of nonfumigated and fumigated soils were determined using a TOC analyzer (Dohrmann Model DC 190; Rosemount Analytical, Inc., Santa Clara, CA), and a KEC of 0.45 was used to convert C flush to MI3C (Vance et al., 1987) :
Statistical Analyses
Analyses of variance together with a post hoc multiple-range test was used to compare results among different treatments (SPSS 10.0; SPSS Inc., Richmond, CA).
Although a large portion of total applied P was leached as PO 4-P and DTP after seven leaching events, the proportions of P loss in the TP were less than 15% (Table 2) . Large quantities of extractable P remained in both soils (Fig. 2) . With application of CF together with elevated OM rate, soil Olsen increased 94% from 80.0 to 155 mg kg 1 in the Alfisol, by 541 N from 42.1 n g kg' treated with CF respectively (Fig. 2) . Apparently, the Spodosol alone to 65.0 rng kg treated with CF + 10.0 g had twice as much Olsen-P and M3-P as the kg -1 OM in the Spodosol, and by 50% from Alfisol after seven leaching events, and CF 19.7 to 29.5 mg kg -! in the Alfisol, respec-application together with elevated OM rate tively, whereas soil M3-P was up by 31% from increased soil available P (Olsen-P and M3-P) 297 to 389 nig kg 1 in the Spodosol and by pool in both soils (Fig. 2) . Numbers with different superscript letters represent statistically significant difference (P < 0.1)5).
TP indicates soil TP + TP in OM + P as chemicals; total applied I', P as chemicals + 10% of TI' in applied OM. The Alfisol had higher Olsen-P and M3-P levels in all samples receiving CF together with different OM rates than the control. However, in the Spodosol, such differences were only observed when OM application rates were 10.0 g kg 1 for Olsen-P and at 5.0 g kg -1 for M3-P (Fig. 2) .
Soil Microbial Biomass P Pool
Soil MBP in the leached soils was in the range of 4.20-27.6 mg kg -1 for the Spodosol and 3.59-7.20 mg kg for the Alfisol, respectively ( Table 3) . Application of CF alone did not increase soil MBP as compared with the control. However, application of CF together with 10.0 g kg 1 OM resulted in an increase in soil MBP by 585% in the Spodosol and by 190% in the Alfisol as compared with CF alone (Table 3) .
Microbial biomass C in the leached soils was in the range of 13.0 to 94.6 ing kg for the Spodosol and 20.4 to 89.9 mg kg_ 1 for the Alfisol, respectively. Greater soil MBC was Fig. 2 . Concentrations of extractable P (Olsen-P and Meh)ich 3 P) in the two soils treated with different OM rates after seven leaching events. Data were plotted as mean ±3 SD (error bar). Numbers with different superscript letters represent statistically significant difference (P < 0.03).
observed in the treatment with the higher OM amendment rate for both soils (Table 3) . Soil TOG was positively correlated with both MBC (r = 0.556, P < 0.01, n 60) and MBP (r = 0.276, P < 0.05, ii = 60), and higher MBC/ TOG ratios were associated with higher application rate of OM (Table 3) .
Organic amendment increased MBI/TOC ratio and decreased MBC/MBI3 ratio in both soils, but more so in the Spodosol (MBC/MBP ratio of 3-5) than the Alfisol (MBC:MBP ratio of 6-13) (Table 3 ). The MBC/MBP ratios in both soils were lower than those reported for grass and pasture soils (Agbenin and Adeniyi, 2005) . The MBP/Olsen-l' ratio was increased from 11.2% to 39.2% in Spodosol, and from 19.3% to 24.6% in the Alfisol by the treatment of CF + 10 g kg' OM as compared with CF alone (Table 3) .
Soil P Fractionation
Water-P, HC1-P, and residual P in the leached soils were higher with CF alone than CF application plus OM, but NaHCO 3 -P and NaOH-P were increased with increasing OM rates ( Table 4 ). The P MI/(Fe + AJ) M3 ratio tended to decrease with increasing OM rate in the Spodosol, but the reverse was true in the Alfisol (Table 4) . At the same OM rates, Spodosol had apparently higher portions of NaHCO3-P and NaOH-P, and lower portions of HC1-P and Residue P than the Alfisol, but the two soils had similar portions of water-P (Table 4).   TABLE 4 Mean percentages of sequential extractable P and mean ratios of Mehlich 3-extractable P M3/(Fe + Al)ia in soils receiving different treatments after seven leaching events
Water-P NaHCO3-P NaOH-P HCI-P Residue P PM3/(Fe + Al)M3 Treatments ------- 
DISCUSSION
The concentrations of PO 4-P in leachates from the controls of the Spodosol and the Alfisol (averaging 5.98-10.1 and 0.70-9.43 rng P L1, respectively; Fig. 1 ) were higher than 50 jag L1 (Fig. 1) , the limit of TP concentration for eutrophication in streams that enter lakes (USEPA, 1986) and several orders of magnitude higher than the critical levels (20 j.tg P L) for eutrophication control of surface water (USEPA, 1996) . This result indicates that the sandy soils in south Florida have high P leaching potential, likely due to repeated application of CF for sustaining a desired crop yield (Honda et al., 1996; Heathwaite and Dils, 2000) . Therefore, agricultural practices on these soils may have a great impact on the environment, particularly water quality. Leachate P concentrations from the sandy soils studied (Fig. 1 ) were higher than surface runoff water (0.17-1.3 mg L) from fertilized grasslands (Morgan et al., 2000) . However, P loss by leaching in these soils were still less than 15% of TP (Table 2) , lower than those (30°z6-50% of TP) reported for fertilized Sweden sandy soils (Ulen and Jakobsson, 2005) . Many factors can control P leaching or runoff losses in soils, but chemical and biological properties of the soils are often critical (Yli-Halla et al., 1995) . In this study, the Spodosol had lower pH, EC, TP, and organic matter content, but higher available P (Olsen-P and water-P) contents than the Alfisol (Table 1) , and as a result, higher P concentrations occurred in leachate from the Spodosol than from the Alfisol ( Fig. 1 and Table 2 ) for the same treatments. Leachate P concentrations were not steadily decreased in the two soils treated with OM compared with CF alone, and peaks of leachate P were observed at the second leaching events (Fig. 1) . Such difference may suggest that mineralization of organic matter occurred during leaching, and release of organic matter-bound P resulted in a pulse in leachate P. However, Fe and Al in soils and OM may react with released P and fix it from further leaching; therefore, leachate P decreased in the subsequent leaching events (Fig. 1) .
Soil P/(Fe + Al) molar ratio, especially Mehlich 3-extractable soil P M3 /(Fe + Al)M3 molar ratio has been suggested as a good indicator of P loss potential from surface runoff in sandy soils in south Florida (Nair et al., 2004) . In this study, the Spodosol had lower TP/(T F + TAI) and PM3 /(Fe + Al) M3 ratios (Table 1 ), but higher leachate P concentrations and P loss than the Alfisol (Fig. I and Table 2 ). Application of CF together with elevated OM rate increased TP/(TFe + TAI) ratios, but resulted in reduced leaching loss of PO 4-P and DTP in the Spodosol (Table 2 ). In the Alfisol, a reverse phenomenon was observed ( Table 2 ). The amendment of OM added some P, Fe, and Al to the soils. One order of magnitude higher of P/(Fe + Al) ratio in the OM than in the Spodosol (Table 1 ) may result in stronger Pbinding Fe and Al oxides in the Spodosol than the Alfisol after the OM was applied. Therefore, difference in the properties of the two soils may affect the OM amendments differently in reducing P leaching loss.
After fertilization, water-soluble P, if not taken up by plants, can be retained in the soil by chemical reactions (adsorption onto the surfaces of oxides and clay minerals or precipitation into insoluble phosphates of Ca, Fe, or Al) and microbiological processes (incorporated into microbial biomass and other organic fractions). Sandy soils have low contents of clay, Fe/Al oxides, and organic matter (Table 1) , and therefore, surplus P from fertilizer application is subjected to intensive leaching losses. Application of organic matter, especially biosolids that contain high contents of organic C and considerable amounts of Fe and Al in forms of oxides/ hydroxides or being chelated with organic matter, provides fresh organic C to microorganisms and additional P adsorbing sites to the soils (Table 1) . Consequently, more water-soluble P was incorporated into microbial biomass and organic fractions as evidenced by the increased MBC, MBP, and the ratios of MBC/TOC, and MBP/MBC in the soils that received CF together with increased amounts of organic amendment (Table 3) . Mineralization of organic matter in sandy soils is generally fast, particularly in south Florida where a subtropical to tropical humid climate dominates; therefore, organic P including MBP can be considered to be available or potentially available to crop plants.
In addition, the OM (pellet biosolids) contains considerable amounts of Fe and Al in the forms of oxides/ hydroxides or chelated with organic substances such as humic acids (Table 1) . The oxides/hydroxides of Fe and Al have a high adsorption capacity for P, and the organic-AI(OH) 2+ or organic-Fe(OH)7 complexes also provides additional adsorbing sites for P (He et al., 1999; Nash and Halliwell, 1999 may also contribute to the reduced P leaching in the sandy soils that received both CF and organic amendments (Table 2) . Increasing OM application rate decreased water-P but increased NaOH-P and NaHCO 3 -P in the leached soils (Table 4) , which is likely related to the increased P adsorption from the added oxides/ hydroxides and/or organic-Al(01-1) 2 or organic-Fe(01-1)2 complexes. These results indicate that application of biosolids in combination of watersoluble fertilizers can decrease P leaching losses and maintain a larger pool of soil P available or potentially available to plant.
CONCLUSIONS
Phosphorus in the sandy soils is subjected to intensive P leaching losses. Application of water-soluble CF greatly enhances this leaching process and raises P concentrations in leachate above the USEPA critical levels of TP for fresh surface water systems (20-50 .tg L 1 ). Application of water-soluble CF in combination with organic amendment (biosolids) significantly reduced P leaching losses in the sandy soils, by converting water-soluble P into organic P (including MBP) and adsorbed P onto Fe and Al oxides/hydroxides and organic-Al(OH) 2 or organic-Fe(OH) 2 complexes added to the soils in applied biosolids. Measurements of MBP and fractions of inorganic P (water-P, HC1-P, NaHCO3 -P, and NaOH-P) confirm the above findings that organic amendment together with CF increases available and potentially available P pools in the leached soils, compared with application of CF alone. Based on the results of this indoor column leaching study, it can be recommended that OM (biosolid) amendment at a level of 10.0 g OM per kg of soil is the best application rate for reducing P loss from two typical Florida sandy soils (Spodosol and Alfisol). However, it must be pointed out that this leaching study was completed in a short period and under the conditions of no cropping. Leaching behavior of P from soils is complicated and affected by many factors such as soil properties, P availability, and the features of applied OM. Therefore, further field observation is needed to verify such application rate of OM amendment.
